Abstract: We experimentally demonstrate the non-monotonic dependence of many-particle interference signals on the particles mutual distinguishability. Such non-monotonicity is a generic feature of the quantum to classical transition in multiparticle systems. A quintessential ingredient of quantum physics is the superposition principle, which has been observed for systems ranging from photons to fullerene molecules. Interaction with the environment, however, conveys which-path information to the environment, and then inevitably leads to decoherence. Thereby, it jeopardizes the ideal interference pattern and induces the quantum-to-classical transition: probabilities instead of amplitudes need to be summed to obtain event probabilities. The superposition principle also applies to many-particle wave-functions, with entanglement and many-particle interference as immediate consequences. For the observation of the latter, the particles' mutual indistinguishability is necessary. If the indistinguishability is not guaranteed, ideal interference can be disturbed. In many-particle interference, therefore, distinguishability between the particles induces the quantum-to-classical transition.
A quintessential ingredient of quantum physics is the superposition principle, which has been observed for systems ranging from photons to fullerene molecules. Interaction with the environment, however, conveys which-path information to the environment, and then inevitably leads to decoherence. Thereby, it jeopardizes the ideal interference pattern and induces the quantum-to-classical transition: probabilities instead of amplitudes need to be summed to obtain event probabilities. The superposition principle also applies to many-particle wave-functions, with entanglement and many-particle interference as immediate consequences. For the observation of the latter, the particles' mutual indistinguishability is necessary. If the indistinguishability is not guaranteed, ideal interference can be disturbed. In many-particle interference, therefore, distinguishability between the particles induces the quantum-to-classical transition.
The quantum-to-classical transition has been observed to affect the interference monotonically. The stronger the decoherence, the weaker is the interference signal [1] , and the larger the distinguishability, the weaker is the effect of the many-particle interference [2, 3] . We report that in contrast to the previous observations, non-monotonic transition occurs in the distinguishability-induced quantum-to-classical transition, provided that more than two particles are brought to interference [4] . We observed the non-monotonicity in four-photon interference and further found that it is a generic feature of multi-particle interference.
Let us first describe the experimental setup shown in Fig. 1 . At each input modes a and b, two-photon Fock states are injected and then arrive at a beam-splitter (BS) at different times by going through input delay x at the mode b.
The delay x mediates the quantum-to-classical transition, which varies the distinguishability between the photons at each input mode: when the delay x is zero, the photons arriving at the BS is indistinguishable, but as x increases, the Joint Detection distinguishability between the photons becomes increasing. After the photons pass through the BS, they are measured by single-photon counting modules (SPCMs) concatenated with fiber beam splitters (FBSs, 50:50) as shown in Fig. 1 .
The four-photon interference signal by the quantum-to-classical transition is plotted in Fig. 2(a) . It exhibits nonmonotonic transition, while hitherto observed signals have been monotonic [1] [2] [3] . In the four-photon interference signal, quantum phenomena occurs at x=0, and classical phenomena occurs at x ≫ l c (l c : coherence length of the photon), but the transition is not monotonic. In the following analysis, we will show that the non-monocity is originated from three distinguishability types inherent in the four-photon.
The four-photon state at the input of the BS, described by creation operators (a †
is arrival time of a photon at the BS at mode a(b).), can be expanded as
where, a is the distinguishability between single-photons at mode a and b, which can be modulated by the path delay x. Note that there are three terms in the four-photon state, and they are identified as distinguishability types in the four-photon. We baptize them by "indis", "int", and "dist", in sequence, and weight of each distinguishability type (W (4) type (x)) is plotted in Fig. 2(b) . Note that each distinguishability type has distinct weight at each x and has also distinct probability to be measured by the (2, 2) joint detection, denoted as p (2, 2) type . The total detection probability containing all the distinguishability types becomes
Therefore, the (2,2) detection probability in the quantum-to-classical transition exhibits the non-monotonic interference signal as shown in Fig. 2(a) . In further analysis of multi-photon interference, we found that there are N + 1 distinguishability types, when Nphoton Fock states are injected into each input port of the BS in Fig. 1 . N=2 is the minimum number of particles to exhibit non-monotonic transition, and for N ≥ 2, the non-monotonic transition becomes a generic feature. In the six-photon interference of N=3, there are four different distinguishability types, and weights of the distinguishability types are shown in Fig. 2(c) . Non-monotonic quantum-to-classical transition, therefore, occurs when the photons are measured by joint detections of (5,1) and (4,2) photons at modes c and d.
